A review is given of our experimental knowledge of the spin dependent structure functions of the proton, which is based on inclusive high energy scattering of longitudinally polarized electrons by longitudinally polarized protons in both the deep inelastic and resonance regions, and includes preliminary results from our most recent SLAC experiment. Implications for scaling, sum rules, models of proton structure, and the hyperfine structure interval in hydrogen are given. Possible future directions of research are indicated.
INTRODUCTION
The internal spin structure of the proton (and neutron), or the spin dependent structure functions, is a central aspect of nucleon structure. Knowledge of this spin structure is important to the development and testing of theories and models of nucleon structure, as well as to the understanding of spin dependent phenomena involving hadrons, such as polarized hadron-hadron scattering at high energies. Spin dependent structure functions of the proton can be studied by high energy e-p scattering of polarized electrons by polarized protons,' which is especially interesting in the deep inelastic regime where the impulse approximation of e-scattering from the constituent partons or quarks is valid.
However, resonance region scattering at lower energy and momentum transfer is also informative about proton spin structure. Figure 1 indicates the kinematics of polarized e-p inclusive scattering in which the momentum and scattering angle of the scattered electron are measured.
The e-p asymmetry, A, which is the normalized difference between the differential scattering cross sections with electron and proton spins anti-parallel and parallel, is the quantity measured. Tables 1 and 2 give definitions and relations for the quantities relevant to asymmetry.
Thus far only inclusive scattering with longitudinal electron and proton spins has been measured. Memorial Foundation Fellowship, 1978 
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IAll : 1; lAgI 2 K (POSITIVITY LIIlITS) The experimental set-up for SLAC El30 is shown in Fig. 2 . The new spectrometer is shown in Fig. 3 . It utilizes two large dipole magnets (B201 and BSl) and a detector system which consists of a 1 m diameter x 4 m long N2 gas Cerenkov counter, a 4000 wire PWC system, a
YALE-SLAC EXPERIMENT
The Yale-SLAC experi-.ments to measure A were initiated in 1971 with the approval of the SLAC E80 experiment.
All the results from this experiment have been published.2-5 Data-taking for a second experiment SLAC El30 was completed in April, 1980, and preliminary results have been reported.6
The experimental hodoscope, and a segmented lead glass shower counter. The spectrometer may cover momenta up to 18 GeV/c, and its acceptance /dR dp/p is 0.3 msr with the total momentum acceptance Ap/p being about 50%. The momentum resolution of the spectrometer 6p/p is better than tl%.
For the measurement of the electron polarization P, by Mdller scattering,g a new feature was the detection of the two scattered electrons in coincidence.
Counting rates and various sources of systematic errors in SLAC El30 are indicated in Table 3 .
The kinematic points for which data have been obtained in SLAC E80 and in SLAC El30 are shown in All errors are one standard deviation total errors, which include the statistical counting error and systematic errors associated with P,, Pp and F, added in quadrature.
The new El30 data extend considerably our knowledge of the virtual higher Q 5 hoton-proton asymmetry A/D to and higher x. A significant 
in which quantities are defined in Fig. 1 and Tables 1 and 2 ; in addition, the superscripts p and n refer to proton and neutron, and gv and gA are the vector and axial vector coupling constants for neutron beta decay. The Bjorken sum rule was originally derived 11,12 from commutation relations based on the algebra of currents for the quark model.
It can also be derivedI from quantum chromodynamics (QCD) and is often written
In the above forms the sum rule is only valid The models of nucleon structure22 picture the proton as consisting of three valence quarks, two u quarks and a d quark, together with gluons and a sea of quark-antiquark pairs, and the neutron as two d quarks and a u quark together with gluons and the sea. The early models23 assumed SU(6) symmetry for the wave function.
However, experimental data on Fs/F % and on Ay at large x required that W(6) symmetry breaking be introduce . The important and unsymmetrical aspect of the wave function for the proton (neutron) near x= 1, which is predicted by perturbative QCD,24 is the occurrence with high probability of a single u(d) quark with large x and a diquark with isotopic spin I=0 and spin component S,=O.
Of the various models for the proton wave function which are intended to represent the non erturbative QCD solution perhaps the most basic is the MIT bag model2 3 ,25 which incorporates confinement. A comparison of our data on AT(x) with various model predictions is shown in Fig. 8 in which the sum is over the quarks i, e. is the quark i charge,iand q$(qi) is the probability for quark i to have its spin parallel (antiparallel) to the target nucleon spin.
Al clearly provides a measure of the probability that the quark spins are aligned with the nucleon spin.
Only models 4 and 6 agree well with the experimental data. Curve 4 provides an unsymmetrical model of the quark distributions involving SU(6) breaking, Regge theory at small x, the Melosh transformation, and agreement with the Bjorken sum rule. Curve 6 is based on Schwinger's source theory, which is not a quark model.
RESONANCE REGION DATA AND THEIR IMPLICATIONS
The first exploratory experiment at SLAC on polarized e-p scattering in the resonance region, which was a part of E80, has recently been reported.5 Figure 9a displays the measured asymmetry values, and Fig. 9b shows the contributions to the differential cross section from resonances and background.
Our measured asymmetries A/D are predominantly large and positive throughout the entire range in missing mass W except in the region of the A(1232 MeV) resonance, where A/D is expected to be negative because of magnetic dipole excitation.
In principle our measured asymmetry values can be predicted from a multipole analysis of complete but unpolarized electroproduction data. based on a multipole analysis of single pion electroproduction data only, which accounts for about l/2 of the differential cross section. The agreement between these predictions and our data is rather good, and hence indicates that the net asymmetry contributed by other channels than 9 u ,I 2 F 0 + Z single pion production cannot be very different from our measured asymmetries. Figure 11 indicates that scaling applies for our resonance region data except at the A(1232) point, and hence that the spin dependent behavior is also consistent with a global duality mechanism in analogy to the unpolarized case.
-I 2 4 6 8 IO I2 2-81 w 4028All Fig. 11 . Asymmetry vs scaling variable w. The curve 0.78~~~ is a fit to deep-inelastic data (W> 2 GeV) of SLAC E80. The data points are the resonance-region results (WC 2 GeV) of SLAC E80.
THE FUTURE
We turn now to more futuristic aspects. An experiment33 entitled Son of El30 has been proposed at SLAC to measure Al (neutron ) and A2 (proton), about which we have no experimental information. Determination of AT can be done by measuring asymmetries for both the deuteron and the proton.
Determination of A$ can be done by measuring asymmetries in scattering longitudinally polarized electrons by transversely polarized protons, and observing scattered electrons in the plane determined by the directions of the incident electron and the proton polarizations. In addition, this experiment would determine Ap to relatively high precision for values of x as low as 0.07.
Both t It e data on AT and the higher precision data on AT at the lower x values would improve our test of the Bjorken sum rule.
Some theoretical predictions for AT are shown in Fig. 12 . On the basis of the spin-isospin part of the SU(6) wave function, AT=0 for all x (curve 1).
Perhaps the most interesting prediction (curve 4) is that 'A':
'-O- (1) a relativistic symmetric valence-quark model of the neutron;23 (2) a model incorporating the Melosh transformation which distinguishes between constituent and current quarks;26 (4) an unsymmetrical mode12g'30 in which the entire spin of the neutron is carried by a single quark in the limit of x=1. of the unsymmetrical model of Carlitz and Kaur which agrees so well with the A: data.
It is seen that A? is small over most of the range of x but becomes large at x near 1 , where a single quark carries the entire spin of the neutron.
tudes
The structure function A2 arises from an interference between amplifor absorption of virtual longitudinal and transverse photons by the proton.3
In the scaling limit A2 becomes zero, and there is a positivity bound34 (A21 < R%. of the quarks.
Physically
A2 arises from transverse momenta Figure 13 shows various theoretical predictions for A2 for the kinematics of our proposed Son of El30 experiment. The positivity limit of IA21 < R% is 0.5, since the best current valueI of R in this Parenthetically, this large experimental value for R, which is expected theoretically to be zero in the scaling limit, poses a problem for QCD theory, which may be related to higher-twist terms; the comparison of theory and experiment for A2 can be expected to pose a similar problem. In addition, Fig. 13 shows the prediction of the MIT bag mode1,25y31 a prediction based on our Af data together with a relation between A1 and A2 given by the approximate WandzuraWilczek sum rule,17y35 and a prediction given from g2(x) = 0 which is consistent23 with SU(6). Data on A2 are important for comparison with these and other36 theories for A2. In addition, data on A2 are important to our experimental determination of Al, since we measure A/D = Al+~A2, and we only obtain a value of A1 provided oA2 is sufficiently small. With the positivity bound for A2, the value of nA2 for E80-El30 data is between 0.2 and 0.8 times the experimental one standard deviation error in our determination of A/D. Further significant tests of the scaling behavior of A1 will only come with the availability of additional data on A1 at higher Q2, which is planned at CERN by the European Muon Collaboration37 in the Q2 range up to about 60 (GeV/c)2. Figure 14 shows predictions of scaling violations of g1 predicted38 by QCD; they amount to about a 10% variation over the Q2 range from 2 to 60 (GeV/c>2 in the accessible range of x, and are of different sign for low and intermediate values of x. Since our measured quantity A1 is equal to 2xgl(l+R)/F2, the known scaling violations in F2 must also be considered. It is well known in the theory of atomic hyperfine structure3g'40 that a significant contribution to the hfs interval AV in hydrogen arises from the spin dependent polarizability of the proton. of the spin dependent polarizability is designated bp (~01). The principal theoretical uncertainty in AV is due to 6 (pal), for which a positiviiy bound 16 (pol)l < 3 ppm has been calc%ated.4' The quantity 6p (pol) can be expressed43 in terms of the spin dependent structure functions G1 and G are measured in po 1 which arized e-p scattering.
Using our experimental data for AT and the Wandzura-Wilczek relation,35 we estimate the total contribution to 6 E (pol) to be LO.5 ppm from 0th the deep inelastic and resonance regions above a Q2 value of -5 (GeV/c)2.
The greatest contribution to ~5~ (pol) comes from the small Q2 region, including the proton resonances.
Further experimental data and theoretical work should determine cS~ (~01) to a useful precision.
Finally we emphasize that knowledge of the internal spin structure of the nucleon, apart from its importance to our understanding of nucleon structure, is essential to the tnterpretation of spin dependent high energy phenomena involving hadrons.
These include hadron-hadron scattering,44-47 the polarized Drell-Yan process,48y49 and production of polarized W or Z vector bosons in collisions of polarized protons in a high energy storage ring.50p51 
